Two mechatronics prototypes, useful for robotic neurotreatments and new clinical trainings, are here presented. P.I.G.R.O. (pneumatic interactive gait rehabilitation orthosis) is an active exoskeleton with an electropneumatic control. It imposes movements on lower limbs in order to produce in the patient's brain proper motor cortex activation. Bra.Di.P.O. (brain discovery pneumatic orthosis) is an MR-compatible device, designed to improve fMRI (functional magnetic resonance imaging) analysis. The two devices are presented together because both are involved in the study of new robotic treatments of patients affected by ictus or brain stroke or in some motor learning experimental investigations carried out on healthy subjects.
Introduction
According to the theory of neuroplasticity, which neurologists have accepted for only a few decades, the brain is capable of "learning" even in adult age and following injuries, if appropriately stimulated [1, 2] . In recent years, a number of devices have been developed [3, 4] that can stimulate certain functions or simulate physiological movements so locomotor and cognitive functions in brain-damaged patients can be investigated using fMRI, or functional magnetic resonance imaging [5, 6] .
Functional magnetic resonance imaging has made it possible to look into the human brain "in vivo" for the first time, literally "watching it at work. " In addition, fMRI is used on healthy subjects to gain an understanding of our brain's complex capabilities in studies of motor learning.
The paper presents two optimised electropneumatic prototypes, whose previous design can be read in [7] [8] [9] [10] [11] [12] .
The first one, called Bra.Di.P.O. (brain discovery pneumatic orthosis), is used to move the subject's feet during the fMRI analysis in order to impose a controlled movement and stimulate the motor cortex during the test.
The other one, called P.I.G.R.O. (pneumatic interactive gait rehabilitation orthosis), is an active electropneumatic exoskeleton for lower limbs motor exercises.
Designed at the Politecnico di Torino, Department of Mechanical and Aerospace Engineering, the two devices have to be used together in the study of motor imagery with healthy subjects or not, to evaluate changes in brain plasticity at the level of motor circuits and motor imagination.
Their common and main advantages are physiotherapist's work improvement; movement imposed with repeatability; electronic data acquisition; continuous measurement of the whole test parameters; different clinical protocols possibility.
In comparison with their previous design [7] , these optimised prototypes show the improvements underlined in the following paragraphs.
Furthermore, the clinical procedure here presented, carried out using Bra.Di.P.O. and P.I.G.R.O. on healthy subjects,
Robotic Machines Prototypes
2.1. Bra.Di.P.O. Bra.Di.P.O. [7, [9] [10] [11] is an MR-compatible device with 1 DoF (degree of freedom) in the sagittal plane, which allows the patient's ankle joint rotation around its proper axis. It has two pedals to which the patient's feet are secured, moved by a pneumatic actuator (Figures 1(a)  and 1(b) ), and it operates either in "active mode" (patient follows the pedal movement passively) or in "passive mode" (patient moves the feet autonomously and an optical angular potentiometer, put on the pedals, records the traveled angle).
Some similar examples are shown in literature, as discussed in [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
These devices are always MR compatible, as they have to work in the magnetic resonance chamber without producing interference [13] [14] [15] and use in general pneumatic or hydraulic controls.
Bra.Di.P.O. can be adapted to patient's feet with an anthropometric range between 10%ile woman and 95%ile man, in agreement with the standards underlined in [24, 25] . All electrical parts and the PC are remotely located. A userfriendly graphical interface is also provided.
A flow chart of the Bra.Di.P.O. management software is shown in Figure 1 (c). It was developed by the authors in order to optimize this investigation. Each test starts with a general system check, after which the operator can choose test parameters (cylinder velocity, pedal angle range, and operating frequency). Each frame has a virtual emergency switch to stop software during analysis.
The main problems encountered with the first Bra.Di.P.O. prototype (Figure 1(b) ) are referred to: the pneumatic actuator position improvement; the device position adjustment on the scanning table; the dynamics signal transmission outsideinside from the magnetic resonance chamber.
Consequently, a second prototype was designed, as also discussed in [10] . In this second solution, the pneumatic actuator (1) is located inside the device (Figure 2(a) ) and it is connected to a bar (2), which rotates around hinge O (3) to move the pedals (4).
As it was found during the initial fMRI analysis with Bra.Di.P.O., the patient's foot movement could interfere with the test by producing involuntary head movements.
So the device was raised as illustrated in Figure 2 (b), because this configuration reduces the transmission of movement from patient's feet to head and solves the problem.
As the raising of the patient's legs also requires a horizontal adjustment of the patient's position on the scanning table (Figure 2(c) ), another pneumatic actuator was added under the box and used as motor of a horizontal positioning system.
The final second Bra.Di.P.O. prototype is shown in Figure 3 .
Moreover, the problem of a proper dynamics signal transmission through the long tubes here used (about 10 meter), widely presented in literature [16] [17] [18] [19] [20] [21] [22] [23] for other similar devices and by authors in [11] , was studied and already solved in the first Bra.Di.P.O. prototype.
Here the problem was addressed by selecting nonmagnetic commercial valves and placing them close to the cylinder (PF and PD in Figure 4(a) ).
In particular this study was carried out using commercial software, where the layout of the circuit shown in Figure 4 (b) was designed.
In this way authors investigated the dynamics performances of Bra.Di.P.O. control circuit, in order to obtain for the patient's feet movement the required working frequency (about 1 Hz). It is imposed by paradigms connected to the human motor cortex activation.
In this numerical model, a number of parameters were changed, in order to analyze the system's dynamic behavior varying pedal loads (m), working frequencies (f ), supply pressures ( ), and duty cycles (d). The latter parameter is very important because it directly affects the line supply/discharge time.
During simulation, parameters were varied in the following ranges: mass m = 1-2 kg, working frequency f = 0.2-0.7 Hz, duty cycle d = 0.15; 0.25; 0.40; 0.50, and relative supply pressure = 3.0 * 10 5 ; 3.5 * 10 5 ; 4.0 * 10 5 Pa. In order to validate the numerical model elaborated, an experimental test bench was constructed and some tests were carried out to compare experimental and theoretical results [11] .
An example of results obtained from this study is shown in Figure 5 , with 2 kg load, 3.5 * 10
5 Pa supply pressure, 0.5 Hz frequency, and 0.25 duty cycle [11] .
These graphs illustrate a good correspondence between theoretical and experimental results carried out in the same test condition. In fact, varying the various parameters, the shape and the amplitude of the signals are always good and show a proper functioning of the numerical model elaborated by the authors, as can be widely checked in [11] .
In particular, analysing Figure 5 , Pc (see also Figure 4 (a)) reaches the same maximum amplitude value both in the theoretical and experimental tests; Puf (Figure 4(a) ) shows a theoretical amplitude value lower than the experimental one; Pud (Figure 4(a) ) shows the same behaviour in both cases.
This fact is certainly due to the little errors that sometimes occur between numerical models and experimental tests. The main causes here considered are cylinder and valves friction modeling and physical modeling of a long pneumatic line. Overall results obtained are good and give possibility to construct a final prototype and circuit working always properly.
P.I.G.R.O.
The other prototype here involved is called P.I.G.R.O. and it is an active exoskeleton for lower limbs with an electropneumatic control.
The literature on active lower-limb exoskeletons used for gait rehabilitation, as discussed in [26] [27] [28] [29] [30] [31] , chiefly deals with machines tethered to a fixed station. They are generally rather rigid, heavy devices and are mostly employed for treadmill training. These systems almost never provide ankle actuation.
By contrast, P.I.G.R.O. system is an innovative device designed for the rehabilitation of patients with clinical problems such as hemiplegia, tetraparesis, and hemiparesis, as well as those who have suffered strokes, ischemias, or cerebral hemorrhages. It can also be extended to certain cases of muscular dystrophy and degenerative motor system disease. Figure 6 shows some details of the system. In particular, the system ( Figure 6 (a)) consists of an electropneumatically controlled active orthosis, a PC to acquire and process data and enable the operator to manage the session, a monitor for the operator, and a monitor for patient biofeedback.
In Figure 6 (b) an example of screenshot from the operator's monitor during the test is shown. It is possible to notice the six joints scopes.
In Figures 6(c), 6(d), and 6(e) examples of screenshots from the biofeedback monitor are shown for the patient's hip-knee-ankle. In particular the thicker curve is the machine reference for the patient, while the thinner curve is the patient's performance during the test. In the biofeedback monitor clinicians require a thicker reference curve as range within the patient's performance can be checked during the treatment.
The orthosis is a modular 6-DoF exoskeleton which can be adapted to patients with anthropometric range between 10%ile woman and 95%ile man [24, 25] , as shown in Table 1 . All DoF are in the sagittal plane, one for each lower limb joint.
Part of the orthosis structure uses spring steel so that the system can be more readily comfortable and wearable, as well as to allow a certain pelvic movement out of the sagittal plane during the gait cycle.
Depending on therapeutic requirements, P.I.G.R.O. can be used either with the patient suspended or with partial ground contact using a body weight support. In both cases, the body weight support is used to unload the mass of the orthosis as well as that of the patient's body.
As in both types of training the ankle joint actuation is essential for the patient's motor cortex activation; this represents an original and important characteristic of P.I.G.R.O. [32] . In particular, the ankle joint actuation can also be removed, leaving the patient free to move the foot independently during the treatment, if required.
In particular, overground walking was preferred to walking on treadmill as it allows the patient's advancing in the room and the space provides important sensations and perceptions fundamental to rehabilitation.
The pneumatic actuators operate on the principle of agonist/antagonist muscle pair, thus reducing weight and bulk. The current cylinders could also be replaced with pneumatic muscles if required.
Each leg of the orthosis is equipped with cylinder chamber pressure sensors and position sensors, which track joint movements for use as feedback in system control.
Supply pressure level can be regulated both to vary the force imposed on the patient's legs and to help the physicians' analysis of the patient's autonomous walking progress.
Actuation is electropneumatic but can also be implemented with electric or hydraulic actuators.
The management software is a real-time control where input curves can be either the physiological joints behavior of a standard gait cycle [33] or some other curves choice by clinicians for the training.
Acquired data are sent to the PC via a 10-meter long coded signal transmission cable, multipolar cables, or wireless connections. The software was developed by the authors specifically for this application. It also features an excellent graphical interface to facilitate the operator's work. This graphical interface allows inserting all patient's parameters, especially the anthropometric length of the leg and the patient's weight. In particular patient's mass can influence P.I.G.R.O. movement, both as inertial effects and human interaction with the exoskeleton. So this value is fundamental for the control system. P.I.G.R.O. does not exceed 30 kg in weight and it is flexible, versatile, and easy to use.
In particular it must be underlined that this robot is not suitable for the patient's assistance during the day and outside the hospital, as other auxiliary devices on the market.
In fact P.I.G.R.O. is a robotic machine designed for neurorehabilitation training carried out in hospital structures and by clinicians only [32] .
Moreover, pneumatic actuation is intrinsically safe and clean, gives a comfortable and soft imposed movement, and allows changing forces on patient's legs operating on the supply pressure level.
Figures 7(a), 7(b), and 7(c) show P.I.G.R.O. behavior comparing, during an experimental test, input and output curves for each joint angle. This test was carried out on a healthy subject with a weight of about 70 kg. In particular the graphs referred to a gait cycle of 3 s, analyzed after the initial transient state and to the left patient's leg for simplicity.
These results underline the proper functioning of the system, as the amplitude and the shape of P.I.G.R.O. input curves (control position) and output curves (feedback of the system) are always in full agreement. In particular the small delay between input and output curves is due to the few interactions that anyway occur between a passive conscious subject and a robotic imposed movement.
Finally, the main innovations of this new prototype [32] in comparison with the previous ones [7, 8, 12] are here underlined.
An important improvement of the human-machine interface design was carried out by authors, studying and testing innovative, ergonomic, and comfortable textiles structures.
A new electric solution, with its own separate emergency switch, was realized for the pelvic adjustment, improving robot wearability and safety.
The control system emergencies were finally defined in three modes: from software; with a pneumatic button; with a patient's button.
An innovative real-time control system was designed, in order to substitute the previous one, based on two PC (master and slave).
P.I.G.R.O. management software was fully reviewed and improved.
In particular, the software is now capable: to slowly start the gait cycle, in order to avoid an initial strong and sudden movement imposed on the patient's legs; to discharge all electro-pneumatic valves, if some emergency situations occur or during the pause required in the training; to stop pneumatic actuators in pressure, when clinicians check the patient's cognitive status.
Furthermore, supply pressure, for one leg or both, can be changed by the operator during the treatment, automatically saving, in a proper patient's memo block, the time of this action and the new pressure level.
A graphical user-friendly interface was designed, in full agreement with clinicians' requirements.
Comparison of the Two Devices.
The main characteristics of the two devices here presented are summarized in Table 2 . Can also be used in the water User-friendly graphical interface Can be used for both suspended and overground walking Feet can be moved singly or simultaneously in active or passive mode User-friendly graphical interface Good wearability Easily used emergency controls for operator and patient Both Bra.Di.P.O. and P.I.G.R.O. have a good wearability, proper and original management software, and a useful graphical user-friendly interface.
They allow repeating exactly each treatment, to save data, to help and improve the physiotherapist's work.
They are versatile and allow testing and establishing innovative procedure useful for the neurorehabilitation and for the human brain motor cortex study.
The clinical application of these two devices consists of combination of locomotor and cognitive training here preliminarily carried out with healthy subjects, using fMRI to measure changes in plasticity both at the level of the motor cortex and in motor imagery tasks [34, 35] . (Figure 8 ) (3 women and 2 men; age range = 20-23, mean age = 22 years) took part in the experiment. All subjects were tested and were found to have a sufficient ability to form visual and motor images. Exclusion criteria included history of neurological or developmental illness, mental disorders, drug or alcohol abuse, and current use of medications known to alter neurological activity. All subjects gave informed written consent. The fMRI study was performed at the Koelliker Hospital in Torino (Italy).
Material and Methods

Subjects. Five healthy volunteers
3.2.
Training. Subjects performed the training tasks using a robotic device (P.I.G.R.O.; see below for a description). The training session consisted of two runs. Each run included active and passive phases. During passive phases, subjects kept their eyes closed and were asked to accommodate movements imposed by the robotic device and to focus on kinesthetic perception. Movements consisted of a sequence of ankle dorsi-and plantarflexions; movements differed in rhythm and speed for the two feet. In the active phase, pressure in the device decreased and subjects had to reproduce the movements learned in the focusing phase, with the same amplitude and speed. Each phase lasted five minutes. The findings from the motor imagery tasks will be discussed below.
3.3. fMRI Assessment. fMRI assessment made use of a motor and motor imagery task: subjects were required to perform ankle dorsiflexion and plantarflexion. In the second session, subjects were required to imagine the same movement.
Complete dorsiflexion/plantarflexion cycles should occur with a frequency of about 0.5 Hz. The task was performed using Bra.Di.P.O. Paradigms were performed using a block design with 12 s of rest alternating with 12 s of the active condition. Each paradigm consisted of a total of 25 blocks (13 rest conditions, 12 active conditions); 4 functional volumes were scanned during each block; each paradigm lasted 5 min. 
Results and Discussion
Imaging data were analyzed using the scanner described above.
After preprocessing, a series of steps were performed in order to allow for precise anatomical locations of brain activity to facilitate intersubject analysis. First, each subject's slice-based functional scans were coregistered with their 3D high-resolution structural scan. This process involved mathematical coregistration exploiting slice positioning stored in the headers of the raw data, as well as fine adjustments that were computed by comparing the data sets on the basis of their intensity values: if needed, manual adjustments were also performed. Second, each subject's 3D structural data set was transformed into a Talairach space, as discussed in [36] : the cerebrum was translated and rotated into the anteriorposterior commissure plane and then the borders of the cerebrum were identified. Third, using the anatomical-functional coregistration matrix and the determined Talairach reference points, each subject's functional time course was transformed into a Talairach space and the volume time course was created. For the motor paradigm, the following procedure was performed. A multisubject multistudy design matrix was specified and each defined box-car was convolved with a predefined Hemodynamic Response Function (HRF) to account for the hemodynamic delay, as discussed in [37] . A statistical analysis using the general linear model with separate study predictors was performed on the group to yield functional activation maps during the pre-and posttests separately. All voxels activated in the pretest and those activated in the posttest were combined to create a mask excluding the rest of the cerebrum and cerebellum.
This mask was used to compute the general linear model comparing posttest activations with pretest activations in the group of subjects, since the same data set was used for mask definition and subsequent statistical tests.
A comparison of imaging data obtained before and after training revealed activations in motor imagery task, that is, posttest increased hemodynamic responses, in right frontal gyrus, including supplementary motor area and right medial frontal gyrus (see Figure 9 and Table 3 ). Figure 9 illustrates some selected fMRI results, showing differences before and after training with P.I.G.R.O. in the motor imagery task.
They suggest a cortical reorganization in motor areas, such as the supplementary motor area, precuneus, and cerebellum, after training which may show the effect of rehabilitation on the reorganization of somatotopic maps.
The passive stimulation (Bra.Di.P.O. in "active mode"), as expected, shows a robust sensorimotor, supplementary motor, and cerebellar activity plus some temporal and parietal clusters. The mean time course shows that the activity in this area is strongly correlated with the stimulation paradigm.
The active stimulation (Bra.Di.P.O. in "passive mode") is less affected by head motion noise and shows a less robust sensorimotor and supplementary motor activity and a cerebellar activation plus some thalamic, frontal, and cingulated clusters. The mean time span shows that the activity in this area is less correlated with the stimulation paradigm and with motion parameters.
The main finding was an increment of activation in motor areas. Indeed, the right medial frontal gyrus has been linked to memory retrieval and executive functions. In particular, it has been supposed to mediate attention between external stimuli and the internally maintained intention, that is, between stimulus-oriented and stimulus-independent processing, as discussed in [38] .
This training required the subject to alternate attention from foot perception and position to the inputs provided by P.I.G.R.O. and vice versa. As far as the premotor areas are concerned, according to Fried et al. (1991) , as discussed in [39] , supplementary and presupplementary motor areas are linked with the intention and anticipation of the action, as discussed in [40] .
Overall, fMRI images are clear and unaffected by the presence of the prototype in the resonance chamber. The results also allow understanding the suitability of the method here used with the presented device.
Conclusions
This research studies a locomotor and cognitive training using two mechatronics prototypes. In particular the authors investigate the circuits involved in motor imagery and motor learning at the level of brain plasticity in both healthy subjects and brain-damaged patients in the future.
The experiment was conducted on healthy subjects to assess the possibility of brain reorganization after locomotor training. Sensorimotor training is provided thanks to robotic prototypes developed at the Department of Mechanical and Aerospace Engineering, Politecnico di Torino.
Cognitive training consists of a set of motor imagery tasks. Changes in cortical organization are assessed using functional magnetic resonance imaging (fMRI), which allows the mapping of active processes within the brain, thus revealing the cerebral areas involved in a particular task.
In the future, various clinical tests on patients shocked by ictus and brain event will be carried on using P.I.G.R.O.
